Hepatitis C virus (HCV) infection causes a wide spectrum of clinical manifestations, ranging from a healthy carrier state to acute and chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (17) . More than 170 million people worldwide are chronically infected with the virus, which is responsible for more than 100,000 cases of liver cancer per year (39) . A vaccine against the virus is not available at present, and therapeutic approaches are still limited (13, 18) .
HCV is classified within the genus Hepacivirus of the family Flaviviridae (51) . Seven major HCV genotypes and more than 100 subtypes have been identified (42) . The single-stranded positive-sense RNA genome of HCV (ϳ9.6 kb in length) is flanked at both termini by conserved, highly structured nontranslated regions (NTRs) and encodes a polyprotein precursor of about 3,000 amino acids (4, 37) . The NTRs are required for RNA translation and replication. An internal ribosome entry site (IRES) residing in the 5Ј NTR controls translation initiation, which is influenced by multiple transacting cellular factors via interaction either with the IRES sequence or core encoding sequences (20, 33, 40) . Furthermore, long-range RNA-RNA interactions between the IRES and distally located sequences residing in the core coding region or 3Ј NTR, as well as interactions with the viral-protein core, nonstructural protein 4A (NS4A), NS4B, and NS5A, appear to modulate IRES activity.
In the N-terminal region, the polyprotein, is processed by cellular proteases to yield the structural-protein core (C) and envelope proteins 1 and 2 (E1 and E2), which are required for the formation of infectious virus particles. C-terminal to E2 is the hydrophobic p7 protein, required for efficient assembly and release of infectious virions (22, 45) . The remainder of the polyprotein is cleaved into NS2, NS3, NS4A, NS4B, NS5A, and NS5B. NS2 is a cysteine protease that, in conjunction with NS3, mediates cleavage at the NS2-NS3 site; in addition, it is involved in an early stage of virion morphogenesis, prior to the assembly of infectious virus (21, 22) . NS3 carries a serine-type protease activity in its N-terminal domain and a nucleoside triphosphatase/helicase activity in the C-terminal two-thirds. NS4A is the NS3 protease cofactor, and NS4B contributes to the formation of the membrane-associated replication complex (15) . NS5A is a phosphoprotein that plays a crucial role in RNA replication and assembly (1, 46, 47) . NS5B is the RNAdependent RNA polymerase (RdRp). The replicase complex, likely consisting of NS3 to NS5B and cellular proteins, copies the viral positive strand into a negative-strand intermediate serving as a template for the synthesis of excess progeny RNA genomes. Due to the absence of a 3Ј-5Ј exonuclease proofreading activity of the NS5B RdRp, HCV RNA replication is error prone, causing a high degree of genetic variability of the virus.
Computer-assisted comparative analyses of diverse HCV sequences revealed a high conservation of the core encoding region that is more conserved than necessary to maintain the amino acid sequence of the core protein. This is due to the suppression of synonymous substitutions (19, 44) . Ina and colleagues (19) suggested that an overlapping gene might constrain the core sequence, whereas Smith and Simmonds (44) concluded that suppression may be due to constraints imposed by RNA secondary structures identified within the core region.
In 1998, the first evidence for the expression of a protein from an alternate open reading frame (ORF) overlapping the core encoding region in the ϩ1 frame (hence designated the coreϩ1 ORF) was presented (58) . This alternate ORF contains at least 124 codons and is present in all seven HCV genotypes (57) . It lacks an in-frame AUG start codon and appears to be translated by ribosomal frameshifting or by internal translation initiation. In cell extracts and in transfected cells, a 17-kDa protein (p17), known as ARFP (alternative reading frame protein), F (frameshift), or coreϩ1 (to indicate the position), was shown to be synthesized from the initiator codon of the HCV type 1 (HCV-1) (genotype 1a) polyprotein sequence by a ϩ1 frameshift occurring in the A-rich core encoding region (codons 8 to 11) ( Fig. 1) (11, 52, 57, 60) . However, expression of this form of the coreϩ1 protein is relative to the predicted core RNA secondary structures SL47, SL87, SL248, and SL443 of JFH1. All five nucleotide substitutions introduce a stop codon into the coreϩ1 ORF and, with the exception of mut 1, in addition a mismatch into the putative stem of the respective RNA structure. The frameshift sites reported for coreϩ1 translation at core codons 8 to 11 in genotype 1a and codon 42 in genotype 1b, as well as the internal translation initiation coreϩ1 codons 26 and 85/87, are marked with boxes. The polyprotein initiator AUG is underlined. Note that none of the five nucleotide substitutions affects the amino acid sequence of the core encoding region. The nucleotide numbers refer to the JFH1 isolate. dependent on conditions supporting cytoplasmic expression and is limited to the HCV-1 isolate, which carries a stretch of 10 consecutive A residues within codons 8 to 11 (52, 54) . In addition, a ϩ1 frameshift at codon 42 of HCV-1b, followed by a rephrasing into the core ORF at stop codon 144, was observed in Escherichia coli (8) . Moreover, internal translation initiation occurring at internal methionine codons 85/87 and resulting in a shorter form of the coreϩ1 protein has been observed in cell culture (53, 55) . This protein is expressed independently of the A-rich sequence and the polyprotein translation initiator codon and has been detected under conditions supporting either nuclear or cytoplasmic transcription. Furthermore, in the absence of codons 85/87, the coreϩ1 codon 26 was also found to function as an internal translation initiation site (3) .
Converging data from several laboratories suggest that coreϩ1 is expressed during natural infection (2, 10, 29, 52, 57, 60) . However, the biological role of this protein remains unknown. Previous studies using the subgenomic replicon system (lacking the region encoding the structural proteins) have shown that the coreϩ1 protein is not required for viral replication in cell culture (6, 32) . However, these experiments cannot exclude the possibility of an effect of the protein during the early or late stage of the HCV replication cycle, such as entry, assembly, and egress.
Four highly conserved RNA secondary structures, designated stem-loop 47 (SL47) (nucleotides [nt] 388 to 423 with respect to the 5Ј end of the JFH1 genome), SL87 (nt 427 to 507), SL248 (nt 588 to 665), and SL443 (nt 783 to 815) (44, 48, 49) , have been predicted in the core encoding region and overlapping the coreϩ1 ORF (Fig. 1B) . A recent study has provided the first evidence for the role of SL87 in virus production, but it is not clear at which stage of the HCV replication cycle this RNA structure is required (34) .
In this study, we investigated the importance of the coreϩ1 ORF and RNA elements SL47, SL87, SL248, and SL443 for HCV production. By using the highly efficient cell culture system based on the JFH1 HCV isolate (24, 56) and the chimeric H77/JFH1 genome (38) , we demonstrate that coreϩ1 has no role in the production of infectious HCV in vitro and in vivo, whereas SL47 and SL87 are vital cis-acting RNA elements contributing to RNA translation.
MATERIALS AND METHODS
Cell culture. The Huh7-derived cell clones Huh7.5 and Huh7-Lunet were grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Karlsruhe, Germany) supplemented with 2 mM L-glutamine, nonessential amino acids, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal calf serum. Most transfection experiments were performed with Huh7-Lunet cells, which support highlevel HCV RNA replication and have superior properties for immunofluorescence microscopy (14) . Huh7.5 cells were primarily used in infection experiments because of their high level of CD81 expression (7) .
Plasmid construction. All nucleotide numbers refer to the JFH1 (GenBank accession no. AB047639) (24) and H77 (GenBank accession no. AF009606) (28) isolates. Plasmids pFK-JFH1wt and pFK-H77/C3/JFH1wt have been described previously (38, 56) . Plasmid pFK-JFH1wt/⌬GDD has an in-frame deletion of 10 amino acids (MLVCGDDLVV) spanning the GDD motif of the NS5B RdRp active site (underlined). This plasmid was constructed by replacing the NsiI-Ec oRV fragment derived from pFK-JFH1wt (nt 5298 to 9237) with the correspon ding fragment derived from pSGR-JFH1/⌬GDD (23) . Nucleotide substitutions were introduced by PCR-based site-directed mutagenesis with oligonucleotides carrying the desired nucleotide exchange(s). The amplified DNA fragments were analyzed by automated nucleotide sequencing using an ABI 310 sequencer (Applied Biosystems, Darmstadt, Germany). Substitutions generating nonsense mutations in the coreϩ1 ORF without affecting the core amino acid sequence were, in the case of pFK-JFH1wt (Fig. 1B) , as follows: mut 1, T406A (Leu codon 223TAA); mut 2, T433A (Leu codon 313TAG); mut 3, G472A (Trp codon 443TAG); mut 4, C479A (Cys codon 463TGA); and mut 5, C613A (Ser codon 903TAG). In the case of pFK-H77/C3/JFH1wt, the following mut ations were inserted: mut 1, C407A (Ser codon 223TAA); mut 2, T434A (Leu codon 313TAG); mut 3, G473A (Trp codon 443TAG); and mut 4, C480A (Cys codon 463TGA). The additional substitutions C481A and C482G were introd uced into pFK-JFH1wt and pFK-H77/C3/JFH1wt, respectively, without affecting core amino acid 47 (Arg) (CGC3AGA and CGC3AGG, respectively). The substitutions affecting the core RNA structures SL47, SL87, SL248, and SL443, but not the core amino acid sequence, were as follows: mut SL47, T391G, C392A, C394G, C403T, T406C, and G415C; mut SL87, C455A, C457A, A458C, G460C, C463G, A467C, G469C, T470C, and G472C; mut SL248, C613G, A622T, A625T, C629T, C631G, C632T, G634A, T635A, C636G, C637T, C640G, A643T, and C646G; and mut SL443, C784G, A785C, T790A, C793G, G796C, and A806C. Overlapping PCR fragments were generated by using the template pFK-JFH1wt or pFK-JFH1wt/⌬GDD and with the oligonucleotide primer pairs specified in Table S1 in the supplemental material. For mut 1 ϩ 2, mut 3 ϩ 4, mut SL47, and mut SL87, DNA fragments were combined by PCR using the outer primers ST7 and A1394-JFH1 and, after restriction with AgeI and SexAI, were inserted into pFK-JFH1wt or pFK-JFH1wt/⌬GDD. For mut 5, mut SL248, and mut SL443, DNA fragments were combined by PCR using the outer primers S343-JFH1 and A1817-JFH1 and, after restriction with SexAI and BsiWI, were inserted into pFK-JFH1wt or pFK-JFH1wt/⌬GDD. Plasmid pFK-JFH1wt or pFK-JFH1wt/⌬GDD was also used as a template to successively insert substitu tions mut 1 ϩ 2, mut 3 ϩ 4, and mut 5; mut SL47 and mut SL87; or mut SL248 and mut SL443. For simultaneous introduction of substitutions of mut 1-4 into pFK-H77/C3/JFH1wt, overlapping PCR fragments were generated with primer pairs S438-mut1,2,3,4-H77 and A1150-H77 or S-T7 and A452mut1,2,3,4-H77. Fragments were combined using the outer primers S-T7 and A1150-H77 and, after restriction with AgeI and NruI, were inserted into pFK-H77/C3/JFH1wt. mut 5 was not inserted into pFK-H77/C3/JFH1wt because nucleotide changes created by mut 5 would affect the core amino acid sequence.
In vitro transcription and RNA transfection. For in vitro transcription, HCV constructs were linearized with MluI, extracted with phenol and chloroform, precipitated with ethanol, and dissolved in RNase-free water. One hundred nanograms of linearized plasmid DNA per microliter was used for in vitro transcription as described recently (25) . Cells were detached by trypsin treatment, washed with phosphate-buffered saline (PBS), counted, and resuspended in Cytomix (50) containing 2 mM ATP and 5 mM glutathione at 1 ϫ 10 7 cells per ml in the case of Huh7-Lunet and at 1.5 ϫ 10 7 cells per ml in the case of Huh7.5. Ten micrograms of in vitro-transcribed RNA was mixed with 400 l of the cell suspension and electroporated with a Gene Pulser system (Bio-Rad, Munich, Germany) in a cuvette with a gap width of 0.4 cm (Bio-Rad) at 960 F and 270 V. The cells were immediately transferred to 20 ml of complete DMEM and subsequently seeded as required for the assay. In most experiments, transfection efficiencies were monitored by cotransfection of 2.5 g of in vitro-transcribed JFH1 replication-defective subgenomic reporter replicon.
Preparation of total RNA and Northern hybridization. Total RNA was prepared by single-step acid guanidinium thiocyanate-phenol-chloroform extraction as described previously (12) . Ten to 20 g of total RNA from Huh7-Lunet cells was denatured by treatment with 5.9% glyoxal, 50% dimethyl sulfoxide, and 10 mM sodium phosphate buffer (pH 7.0) for 1 h at 50°C. Samples were separated by denaturing agarose gel electrophoresis, and RNA was transferred to positively charged nylon membranes (Hybond-Nϩ; Amersham Biosciences, Freiburg, Germany) with 50 mM NaOH and cross-linked by UV irradiation. Prior to hybridization, the membrane was stained with methylene blue and cut ϳ0.5 cm below the 28S rRNA band. The upper strip containing the HCV replicon RNA was hybridized with a 32 P-labeled negative-sense riboprobe complementary to the JFH1 NS5A-NS5B region (nt 6273 to 9678) to detect viral positive-strand RNA. The lower strip, which was hybridized with a ␤-actin-specific antisense riboprobe, was used to normalize for different loading. Signals were quantified by phosphorimaging by using a Molecular Imager FX scanner (Bio-Rad), and the number of HCV molecules was determined by comparison with a serial dilution of in vitro transcripts of genomic replicon RNAs mixed with 5 g of total RNA from naive Huh7 cells loaded in parallel onto the gel.
Indirect immunofluorescence. Electroporated cells were seeded onto glass coverslips in 24-well plates at a density of 2 ϫ 10 4 to 6 ϫ 10 4 cells per well. At 24, 48, and 72 h posttransfection (p.t.), the cells were fixed with 500 l of 4% paraformaldehyde for 10 min at room temperature and permeabilized by 5 min of incubation in 500 l of 0.5% Triton X-100 in PBS. Virus titration in cell culture supernatants. HCV was titrated essentially as described elsewhere (30) . In brief, Huh7.5 target cells were seeded into 96-well plates at a density of 1 ϫ 10 4 cells per well in a total volume of 200 l complete DMEM. Twenty-four hours later, serial dilutions of filtered virus-containing cell culture supernatants harvested from transfected cells were added (eight wells per dilution). Infectivity titers were determined by using hybridoma supernatant of the NS5A-specific monoclonal antibody 9E10 (30) and expressed as the base 10 logarithm of 50% tissue culture infective doses (TCID 50 ) per ml of supernatant.
Quantification of HCV core protein. Intracellular HCV core protein amounts were quantified using the Trak-C enzyme-linked immunosorbent assay (ELISA) kit (Ortho Clinical Diagnostics, Neckargemünd, Germany) according to the instructions of the manufacturer. Huh7-Lunet cells were electroporated with the respective pFK-JFH1/⌬GDD transcript and resuspended in 20 ml culture medium, and 2-ml aliquots were seeded into each well of a six-well plate. Cells were lysed at various time points p.t. by addition of 0.35 ml ice-cold PBS containing 1% Triton X-100, 1/10,000 volume aprotinin (1 U/ml), 1/1,000 volume leupeptin (4 mg/ml), and 1/100 volume phenylmethylsulfonyl fluoride (100 mM), and the lysates were cleared at 18,000 ϫ g for 5 min. Depending on the time of harvest, samples were diluted 1:5 or higher and processed for ELISA. Colorimetric measurements were performed using a Sunrise colorimeter (Tecan Trading AG, Switzerland).
Alb-uPA ؉/؉ SCID mice. The mouse study was conducted at Ghent University Hospital with protocols approved by the Ethical Committee and Animal Ethics Committee of the Ghent University Faculty of Medicine. Transgenic SCID mice that overexpressed the uPA gene under the control of an albumin promoter (Alb-uPA ϩ/ϩ ) were used for xenotransplantation with primary human hepatocytes as described elsewhere (35, 36) . The mice were inoculated by intraperitoneal injection with 1.0 ϫ 10 6 TCID 50 of JFH1 wild type (wt), JFH1 mut 1-5, or JFH1 mut 5 virus.
Preparation of virus stocks for intraperitoneal injection of uPA ؉/؉ -SCID mice. Virus stocks were generated by electroporation as described above, and the supernatants of transfected cells were harvested 24, 48, 72, and 96 h p.t. After filtration through 0.45-m-pore-size filters, the virus particles contained in 30-ml aliquots of the supernatants were concentrated by ultracentrifugation through a self-generating iodixanol gradient. Virus-containing fractions were collected and further concentrated using Centricon Plus-70 centrifugal filter devices (Millipore, Schwalbach, Germany) according to the manufacturer's protocol.
RNA quantification by real-time qRT-PCR. Viral RNA was isolated from mouse serum using the Nucleo Spin RNA virus kit (Macherey-Nagel, Düren, Germany) as recommended by the manufacturer. The amount of HCV RNA was determined by quantitative reverse transcription-PCR (qRT-PCR)-based amplification using the HCV TaqMan48 assay (Roche) and comparison to serially diluted in vitro transcripts as described recently (25) .
Preparation of total RNA from mouse serum, amplification of HCV RNA by RT-PCR, and sequence analysis of cloned amplicons. HCV RNA was isolated from 150 l of serum taken from mouse K582 12 weeks postinoculation with mut 1-5 virus. Viral RNA was isolated by using the Nucleo Spin RNA Virus Kit (Macherey-Nagel, Düren, Germany) as recommended by the manufacturer. RT-PCR was done with the Expand-RT system (Roche, Mannheim, Germany) as recommended by the manufacturer using primer A9482 (5Ј-GGA ACA GTT AGC TAT GGA GTG TAC C-3Ј) for cDNA synthesis. HCV sequences were amplified by using the Expand Long Template PCR Kit (Roche) according to the instructions of the manufacturer and primers S59-EcoRI (5Ј-AA GAA TTC TGT CTT CAC GCA GAA AGC GCC TAG-3Ј) and A1743-MluI (5Ј-AAA CGC GTC CTA TCC GGA AAG CCT CGA TGT TG-3Ј). The amplicons were inserted into pFK-I389Luc-EI/NS3-3Ј/JFH1-dg after restriction with EcoRI and MluI. Sequence analysis was performed using primer A974 (5Ј-GCA GCC TCG AGC TGC CAA GTG ATG-3Ј).
RESULTS
Mutational ablation of core؉1 translation and core RNA secondary structures delays the kinetics of HCV production. To investigate the importance of the coreϩ1 ORF and the core RNA structural elements for HCV production, we simultaneously introduced into the coreϩ1 ORF of the JFH1 genome a series of nonsense mutations predicted to abolish translation of this ORF and affecting the secondary structure of all four stem-loop elements residing in the same region (see Fig. S1A and B in the supplemental material). These mutations did not affect the amino acid sequence of the overlapping core region, which was a constraint that limited our selection for the insertion of these nonsense mutations to five distinct positions (Fig.  1B) . More specifically, mut 1, introduced at codon 22 (nt 406), is predicted to abolish translation of the coreϩ1/F protein synthesized by a frameshift at core codons 8 to 11 (11, 52, 57, 60) and in parallel alters the sequence, but not the structure, of the terminal loop of SL47 (see Fig. S1A in the supplemental material). mut 2, inserted at codon 31 (nt 433), is predicted to terminate coreϩ1 translation directly downstream of the internal initiator codon 26 (3) and disrupts one base pairing in the lower stem of SL87 (see Fig. S1A in the supplemental material). mut 3 and mut 4, introduced at codons 44 (nt 472) and 46 (nt 479), respectively, are predicted to abolish translation of the coreϩ1 product generated by frameshift in the context of codon 42 (8) , as well as of all the coreϩ1 proteins initiated upstream, and in parallel alters the upper half of SL87 (see Fig.  S1A in the supplemental material). mut 4 was designed as an additional block of any possible translational read-through and reversion of the three upstream stop codons. Finally, mut 5, inserted at codon 90 (nt 613), is predicted to terminate translation of the coreϩ1 product initiated at the internal methionine codons 85/87 (53, 55) , as well as of all the coreϩ1 proteins initiated upstream, and in addition disrupts one base pairing within the stem of SL248 (see Fig. S1B in the supplemental material).
In the first set of experiments, we attempted to verify that the introduced mutations abolished the expression of the coreϩ1 protein(s). However, despite extensive attempts, we were unable to detect these proteins even in cells that had been transfected with the wt JFH1 genome or an H77/JFH1 chimera (see below). We therefore constructed a plasmid that expresses JFH1 coreϩ1-green fluorescent protein (GFP) by design (translation of the coreϩ1 ORF initiates at an artificially inserted methionine codon at nt 384) under the control of the HCMV promoter. By using transient-transfection assays, we confirmed by GFP-specific Western blotting that insertion of nonsense mutation 5 abolished expression of the chimeric protein (not shown).
Replication fitness of the JFH1 wt genome or the mutant carrying all five mutations (mut 1-5) was determined by electroporation of in vitro transcripts into Huh7-Lunet cells. Viral RNA replication, expression of viral proteins, and release of infectious HCV particles were determined by Northern hybridization, immunofluorescence, and TCID 50 assays, respectively, at various time points p.t. As shown in Fig. 2A and B, at 24 h p.t., the RNA amounts of mut 1-5 were about sixfold lower than those of the wt, whereas at all later time points, the replication rates of the mutant and the wt were comparable. This delay of replication kinetics was confirmed by immunofluorescence analysis of NS5A expression at 24, 48, and 72 h p.t. (Fig. 2C) . Moreover, the release of infectivity of mut 1-5 was also significantly lower (about 50-fold) than that of the wt at 24 h p.t. but reached wt levels at later time points (Fig. 2D) .
These results show that the combination of nonsense mutations predicted to terminate translation of the coreϩ1 ORF and affecting SL47, SL87, and SL248 leads to a delay of replication kinetics. The same results were obtained upon transfection of mut 1-5 into Huh7.5 cells, excluding cell clonespecific effects (data not shown). In addition, to extend our study to another genotype, mut 1 to 4 were inserted into the core encoding region of subtype 1a in the context of the H77/ JFH1 chimera (38) . Insertion of mut 5 was not possible because of alteration of the core coding region. We chose this H77/JFH1 chimera because expression of the 17-kDa core/ coreϩ1 protein was first described in a genotype 1a isolate (31, 52, 57, 60) . Also, with this mutant, the same delay of replication kinetics was observed (data not shown). We therefore concluded that the nonsense mutations predicted to terminate coreϩ1 translation and affecting core RNA SL47 and SL87 slow down the kinetics of RNA replication concomitant with a delay in viral-protein and infectious-particle production. Our results also suggest that the effects of the mutations are conserved among HCV-1a and -2a, and likely other genotypes.
Given the high mutation rate of HCV replication, we tested the possibility of (pseudo)reversion of mut 1-5. First, viral RNA present in cells 5 days p.t. was cloned and the nucleotide sequence was determined in multiple regions of the genome (core, 5Ј half of E1, NS3, and NS5A). No reversion to wt and no conserved second-site mutation was found (not shown).
Second, infected cells were passaged for 4 weeks (as described previously) (25), the core region was amplified by RT-PCR and cloned, and the sequences of four cDNA clones were analyzed. We found that mut 1 to 5 were retained (not shown). These results argue against (pseudo)reversion of mut 1 to 5 in Huh7 cells.
Core؉1 does not play a role in the HCV replication cycle in cell culture. The results described thus far do not allow discrimination of whether the impaired RNA replication is due to the lack of coreϩ1 expression or to the alterations of stemloop elements in the core encoding region. We therefore generated cell lines stably overexpressing the coreϩ1 protein.
However, these cells supported the HCV replication cycle (infection, replication, and virus production) to the same extent as the parental cell lines that did not express coreϩ1 (see Fig.  S2A to D in the supplemental material). Analogous results were obtained in transient-replication assays in which we coexpressed coreϩ1 proteins from bicistronic replicons (see Fig.  S2E to H in the supplemental material), arguing that coreϩ1 proteins do not affect HCV RNA replication in cis or in trans.
To corroborate this conclusion, we generated a JFH1 mutant carrying a nonsense mutation that terminates coreϩ1 translation from all reported initiation sites (mut 5). As shown in Fig. 3A and B, this mutant replicated with kinetics indistinguishable from those of the wt. Moreover, the kinetics of accumulation of viral protein, as well as the kinetics of release of infectious virus particles, were comparable to those of the wt ( Fig. 3C and D) . From these results, we conclude that coreϩ1 does not play a role in HCV replication and virus production in cell culture. Important role of SL47 and SL87 in viral RNA replication. Since nonsense mutations in the coreϩ1 ORF altering RNA structures in the core encoding region impair replication kinetics and because mut 5 did not show an altered phenotype, we assumed that SL47 and/or SL87 is crucial for efficient RNA replication. To address this hypothesis experimentally, we generated a set of extensive nucleotide substitutions (Fig. 4A) in the context of the JFH1 genome. The substitutions were designed to alter RNA secondary structures without affecting the core amino acid sequence. Specifically, the mutations introduced into SL47 were predicted to alter almost the complete stem-loop structure, whereas the mutations within SL87 were predicted to affect the upper half of the stem-loop (see Fig.  S1A in the supplemental material). Interestingly, all three groups of mutations affecting either SL47 (mut SL47), SL87 (mut SL87), or both stem-loops (mut SL47 ϩ 87) reduced JFH1 RNA replication about fourfold at 24 h p.t., as shown by quantitative analysis of the Northern blot ( Fig. 4B and C) . Comparable to the previous observations, replication of the mutated genomes reached wt level at later time points, arguing again for a delayed replication kinetics. In confirmation, the analogous delay was found when transfected cells were analyzed by NS5A-specific immunofluorescence (Fig. 4D ) and for release of infectious virus particles, where infectivity titers were reduced about 10-fold at 24 h p.t. (Fig. 4E) . These results confirm that stem-loop structures SL47 and SL87 are required for efficient replication in cell culture.
Integrity of RNA secondary structures SL248 and SL443 is dispensable for virus proliferation. As the first two predicted RNA structures in the core encoding region were shown to be important for HCV replication, we wanted to assess whether the other two highly conserved RNA stem-loops, SL248 and SL443, also play roles in the viral replication cycle (Fig. 1B) . For this purpose, a set of nucleotide substitutions was inserted into each of the two stem-loops either separately or simultaneously (Fig. 5A) . The substitutions were designed to disrupt RNA secondary structure without affecting the core amino acid sequence. Whereas the mutations within SL248 are predicted to affect the upper half of the stem-loop structure, the mutations within SL443 are predicted to alter the structure completely (see Fig. S1B and C in the supplemental material). Northern hybridization and quantification by phosphorimaging revealed that substitutions affecting both stem-loops had no significant effect on JFH1 RNA replication ( Fig. 5B and C) . Consistently, the mutations did not significantly alter released infectivity (Fig. 5D ). These data show that the structural integrity of SL248 and SL443 residing in the core encoding region is dispensable for virus proliferation in cell culture. 
Disruption of SL47 and SL87 does not impair viral-RNA stability.
In an attempt to investigate how SL47 and SL87 contribute to HCV replication, we examined their possible impact on the stability of the viral RNA genome. For this purpose, we used a JFH1 variant that carries a 10-codon deletion in the NS5B gene (⌬GDD) abolishing RdRp activity. This construct design allowed investigation of RNA stability independently of replication. The mutations described above disrupting the stem-loop structures were inserted into this JFH1/⌬GDD vector, and in vitro transcripts were transfected into Huh7-Lunet cells. At various time points, total RNA was prepared, and HCV RNA was detected by Northern hybridization and quantified by phosphorimaging. An example of this analysis in which the RNA stability of mut 1-5 was analyzed in comparison to the JFH1/⌬GDD wt is shown in Fig. 6A . We found that both RNAs decayed with the same half-life. Moreover, RNAs of all the other mutants carrying more extensive nucleotide substitutions in SL47 and SL87 had half-lives indistinguishable from that of the wt (see Fig. S3 in the supplemental material).
SL47 and SL87 enhance RNA translation. Having excluded the possibility that RNA stability accounts for the detrimental effect of substitutions affecting SL47 and SL87, we explored the possibility that these RNA structures contribute to RNA translation. Also, in this case, we analyzed the mutations in the context of the JFH1/⌬GDD construct to exclude effects that are due to RNA replication. RNA translation was determined by quantification of intracellular core protein levels in Huh7- 
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Lunet cells transfected with either the wt or one of the stemloop mutants. Core protein amounts were quantified 3, 6, 9, 12, and 24 h p.t. and expressed as percentages of the wt level. The values were normalized to the transfection efficiency by measuring luciferase activity that was expressed from a cotransfected replication-defective subgenomic reporter RNA. As shown in Fig. 6B , mut 1 to 5, which affect both SL47 and SL87, reduced core protein about twofold at all time points. As expected from previous results, mut 5 did not significantly alter the translation efficiency. Likewise, extensive nucleotide substitutions affecting SL47 and SL87 separately (mut SL47 and mut SL87, respectively) or simultaneously (mut SL47 ϩ 87) also significantly impaired core expression at all time points (Fig. 6C ). These data show that RNA elements SL47 and SL87 play an important role in translation of the HCV genome and that the impaired replication kinetics observed with mutations affecting either of these stem-loops are due, at least in part, to perturbations of RNA translation. SL87 structure integrity but not core؉1 expression is required for robust replication in vivo. To analyze the in vivo relevance of coreϩ1 expression and core RNA structure integrity, we took advantage of the uPA-SCID mouse model, in which immunodeficient transgenic mice are xenografted with primary human hepatocytes, which are then permissive for HCV infection (25, 35) . Mice were inoculated with 1.0 ϫ 10 K648, K582, and K684R), or JFH1 mut 5 (animal K595R) virus. HCV RNA of the wt and mut 5 viruses rapidly increased in mouse sera and by week 2 after infection had already reached high levels (ϳ2 ϫ 10 5 and 8 ϫ 10 5 IU/ml, respectively). In contrast, at week 2 HCV RNA remained below the limit of detection in all three mice inoculated with mut 1-5 (Fig. 7A) . In the sera of two animals (K582 and K684R), viremia increased and reached wt levels with a 2-to 4-week delay compared to the wt at week 6 and thereafter (ϳ2 ϫ 10 5 and 3 ϫ 10 5 IU/ml, respectively). In contrast, the third animal (K648) inoculated with mut 1-5 did not become infected and remained RNA negative until week 12, when most of the animals were sacrificed. These results suggest that coreϩ1 expression is dispensable whereas SL47 and SL87 are required for robust JFH1 proliferation in vivo. The fact that mut 5, which contains a stop codon blocking expression of all known forms of coreϩ1 proteins, is viable provides strong evidence that this protein(s) is also dispensable for replication in vivo.
Given the delayed increase of viremia of mut 1-5, we assumed that second-site mutations eventually compensating for the defects of these stem-loop structures might have accumulated. We therefore amplified the sequence encoding core to the N-terminal region of E2 by RT-PCR from virus contained in serum of mouse K582 at week 12 postinoculation. This was the only sample available because mouse K648 remained RNA negative and mouse K864R died prematurely, and neither adequate serum nor liver tissue could be recovered from the cadaver. Five cDNA clones derived from K582 serum were sequenced and aligned with the parental mut 1-5 genome. As summarized in Fig. 7B, mut 1, 2 , and 5 were fully conserved in all five cDNA clones. In contrast, in all five clones, mut 3 had reverted to wt. In the case of the double mut 4, the upstream adenosine substitution had also reverted to wt in all sequenced clones whereas the downstream adenosine substitution was replaced by uridine. All three mutations together restored base pairing of the upper stem-loop structure of SL87, arguing that this RNA element plays a very important role in robust replication in vivo. Attempts to reclone viral genomes from mice inoculated with mut 5 or the wt were not successful due to a very limited amount of serum. However, the fact that mutation 5, which disrupts translation of all known forms of coreϩ1, was retained in the revertants of mut 1-5-inoculated mice clearly shows that these proteins are not required for productive HCV replication in the xenografted animals.
To support this conclusion, we constructed the double mutant mut 3 ϩ 4 and determined RNA replication, as well as virus production, in cell culture. By using Northern hybridization, we found that replication of mut 3 ϩ 4 was clearly delayed compared to that of mut 5 and the wt (Fig. 8A) . We also observed an appropriately reduced accumulation of NS5A in cells 24 h p.t., but no longer at 48 h p.t (Fig. 8B) . Virus titers released from mut 3 ϩ 4-transfected cells were reduced about 100-fold at early time points p.t., whereas later the titers were comparable to those of the wt and mut 5 (Fig. 8C) . Consistent with results obtained with the other mutants, the impairment of replication was not due to lower RNA stability but to reduced RNA translation ( Fig. 8D and E) .
In summary, these data demonstrate that SL87 is a very important RNA element required for robust RNA translation and replication in cell culture and in vivo. In addition, we have shown that all known forms of coreϩ1 are dispensable for all steps of the viral replication cycle in these experimental systems.
DISCUSSION
Although specific antibodies and cellular immune responses against coreϩ1 antigens have been detected in HCV patients (2, 10, 29, 52, 57, 60) , the biological importance of the coreϩ1 ORF and protein(s) derived from it is still unknown. Previous studies with subgenomic replicons suggested that coreϩ1 protein(s) is not required for viral replication (6, 32) . However, cumulative data associating elevated levels of coreϩ1 expression with the development of hepatocellular carcinoma in HCV patients (9) and studies describing lower rates of HCV genome replication in tumor cells than in nontumor cells indicate that coreϩ1 might exert a negative effect on viral replication. However, even under various experimental conditions of stable or transient coexpression, we did not observe such an effect, arguing that at least in cell culture, HCV replication is not affected by coreϩ1 protein(s). In agreement with this observation, we found that insertion of a nonsense mutation predicted to terminate coreϩ1 translation at codon 90 (mut 5) and in parallel disrupting one base pairing within the stem of SL248 did not affect viral-RNA replication, RNA stability, expression of viral proteins, and virus release. A termination codon at position 90 would abolish translation of the coreϩ1 product initiated at the internal methionine codons 85/87 (53, 55) , as well as expression of all coreϩ1 proteins reported to initiate upstream of codon 90 (frameshift products associated with codons 8 to 11 [11, 52, 57, 60] and 42 [8] and products arising from internal initiation at codon 26 [3] ). The data thus show that expression of coreϩ1 is dispensable for virus production in cell culture. However, we could not exclude effects of coreϩ1 protein(s) on host cell factors or conditions that contribute to HCV replication in vivo and that are not detectable in Huh7 cells. Moreover, not every inactivation of viral functions leads to a phenotype in cell culture, as shown, e.g., for herpes simplex virus (41) .
For these reasons, we studied the viability of the coreϩ1 mutants in vivo by inoculating uPA-SCID mice xenografted with primary human hepatocytes. Consistent with our in vitro data, the JFH1 mut 5 virus exhibited replication kinetics like those of the wt in inoculated mice.
Apart from serving as an ORF for core and coreϩ1, four highly conserved RNA stem-loop structures reside in the same coding region. By using a reverse-genetics approach, we found that disruption of the structural integrity of SL47 and SL87 inhibited RNA replication about 4-to 6-fold and reduced titers of infectious virus about 10-to 50-fold. In contrast, mutations affecting the more downstream RNA structures SL248 and SL443 had no effect. The difference in RNA replication between the wt and the SL47 or SL87 mutant were detectable only at early time points (24 h p.t.), whereas at later time points this difference vanished. This peculiar kinetics is due to the fact that RNA replication of JFH1 is most likely limited by the host cell (5) . For this reason, more subtle impairments of replication are detectable only at early time points, while later, when replication becomes limited by the host cell, RNA amounts from an impaired genome accumulate to wt levels. This property is a general limitation of the highly replication-competent JFH1 isolate that should be kept in mind when analyzing more subtle replication phenotypes with this HCV genome.
An analogous delay of viremia was observed when the mut 1-5 genome was inoculated into uPA SCID mice with human liver xenografts. Sequence analysis of genomes isolated 12 weeks postinoculation demonstrated that the mutations affecting the upper stem-loop structure of SL87 had reverted in such a way that base pairing of the stem was restored. Thus, SL87 plays a very crucial role in HCV replication, most likely by enhancing RNA translation. However, the mutation disrupting translation of all known forms of coreϩ1 protein(s) (mut 5) was stable, clearly showing that this protein(s) is irrelevant for viral replication in vivo.
We note that during prolonged passage of mut 1-5 in cell culture, all mutations were stable and no reversion was found over a 4-week observation period. In contrast, in inoculated mice, mut 1-5 was strongly attenuated, and the slow increase in viremia is consistent with the emergence of revertants. This discrepancy between results in cell culture and in vivo is most likely due to the host cell environment. For instance, cell factors contributing to SL87-dependent RNA translation/replication may be more abundant in Huh7 cells than in xenografted human liver cells, and therefore, SL87 mutants would be less impaired in cell culture. Alternatively, inhibitory factors binding to SL87 might be expressed to a lower level in Huh7 cells. More detailed studies, especially of possible cellular interaction partners with SL87, are required to address this possibility.
While this study was ongoing, McMullan and colleagues reported the characterization of a series of nonsense mutations disrupting translation of the coreϩ1 ORF and altering RNA structure in the core coding region (34) . These mutations correspond to mut 1-4 described in our study (codons 22/31/44/46 of the coreϩ1 frame) and were tested in the context of an H77/JFH1 and a J6/JFH1 chimeric genome. However, mut 1 to 4 do not affect internal initiation of coreϩ1 translation from codons 85/87. By including mut 5 in our study, we assessed the effect of a block of expression of all reported forms of the coreϩ1 protein(s). Moreover, in contrast to the study by McMullan and coworkers, which focused on SL47 and SL87 only (designated SLV and SLVI, respectively, in their study), we also characterized the roles of the two downstream RNA elements SL248 and SL443 for HCV proliferation. In both studies, SL87 was found to be required for robust replication, but interestingly, our extensive substitution analysis revealed SL47 as an equally important RNA element. While we found that mutations disrupting SL47 and/or SL87 delay replication kinetics only transiently, McMullan et al. reported that mut 1 to 4 exhibited a dramatic and long-lasting defect in replication. During cell culture passage of the mutants, a mixture of reversions emerged in the case of the H77/JFH1 chimera concomitant with an increase in viral replication. Moreover, upon infection of a chimpanzee with this mutant, virus titers in the serum of the animal were low, the mutant appeared to be attenuated, and infection was controlled several weeks earlier than infection with a wt 1a isolate. In contrast, we found no evidence for adaptation in cell culture, and all mutations in mut 1-5 were conserved by week 4 p.t. This result is not too surprising, because in contrast to the study by McMullan et al., mut 1-5 was much less impaired in replication, and therefore, selective pressure was most likely not strong enough to enrich for revertants. However, upon infection of mice, mut 1-5 was clearly attenuated, and high-level viremia was delayed about 4 weeks compared to the wt. Thus, as in to the study by McMullan and coworkers, we also observed an attenuation of the mutant and a selection for revertants in vivo.
Our data cannot exclude the possibility that coreϩ1 proteins perform a function that is not measurable in our cell culture or in vivo mouse model. The highly permissive nature of the Huh7.5 and Huh7-Lunet cells may be related to marked dif- ferences in the host environment relative to other liver cell lines and primary human hepatocytes that are naturally infected by HCV. Therefore, should coreϩ1 proteins affect cellular genes that are already mutated in Huh7 subclones (and thus contribute to their permissiveness), coreϩ1 mutants would behave like the wt in those cells. In addition, the JFH1 strain is unique among all HCV isolates and not necessarily representative, because it is the only isolate that replicates without requiring replication-enhancing mutations. JFH1 may contain genetic alterations that provide advantages for viral replication but at the same time make functions exerted by coreϩ1 proteins obsolete. Finally, since the only in vivo model available to us is the xenografted Alb-uPA ϩ/ϩ SCID mouse, our finding that lack of coreϩ1 protein expression has no detectable effect on virus replication does not exclude the possibility that these proteins may have some other role, e.g., in immune evasion or pathogenesis. In fact, in the study by McMullan and colleagues, the mutant virus was clearly attenuated in the chimpanzee, with low-level viremia and rapid clearance (34) .
Interestingly, our data and those of McMullan and coworkers can explain the high degree of evolutionary constraint on sequence alterations in the core region encompassing RNA elements SL47 and SL87 (44, 48, 49) . These two stem-loops have been predicted by in silico analyses and supported by RNase cleavage studies. Most importantly, in this study, we show that SL47 and SL87 are not required for RNA stability but play important roles in RNA translation. The integrity of these RNA elements may be important for the regulation of HCV IRES activity either through a long-range RNA-RNA interaction(s) or through binding of a cellular protein(s) in the core encoding region. More specifically, both SL47 and SL87 may be involved in the stimulation of IRES function, e.g., by altering inhibitory interactions between the 5Ј NTR and the core region (16, 59) . In addition, a sequence at the 5Ј end of SL87 (nt 428 to 442) anneals to nt 24 to 38 of the 5Ј NTR, and this interaction restrains IRES-dependent translation (27) . SL47 may also be involved in interaction with host cell factors, such as nonstructural 1-associated protein 1 (NSAP1), which is highly homologous to human heterogeneous nuclear ribonucleoprotein and which has been shown to enhance IRES translation (26) . Finally, it is also possible that SL47 and SL87 are components of genome scale ordered RNA structure and may thus contribute to the conformation of the RNA genome, possibly modulating double-stranded RNA recognition that is associated with innate antiviral defense and virus persistence (43) . We note that simultaneous disruption of the structural integrity of SL47 and SL87 impairs RNA translation and replication to the same extent as disruption of only one of these stem-loops. Assuming that the stem-loops participate in RNA-RNA or RNA-protein interactions, the disruption of only one of the stem-loops may be sufficient to block this interaction, and thus, no further impairment of translation/replication will be observed with mutations disrupting the second stem-loop.
In conclusion, we have shown that expression of the coreϩ1 ORF plays no role in HCV replication and virus production in cell culture and xenografted mice. We confirmed that the core structures SL47 and SL87 are important cis-acting RNA elements required for HCV genome translation. These two stemloop elements are crucial determinants for robust virus proliferation in cell culture and in vivo, thus providing an explanation for their striking evolutionary conservation.
